We have observed epileptic seizures of juvenile myoclonic epilepsy (JME) to be surprisingly sensitive to higher mental activity. The purpose of the present study was to examine changes over time in seizure susceptibility in two patients with JME who we followed-up for over 20 years. During the period, they were repeatedly subjected to provocative cognitive tasking, that is, to 'neuropsychological EEG activation'. Tasks included reading, speaking, writing, written arithmetic, mental calculation, and spatial construction.
INTRODUCTION
Juvenile myoclonic epilepsy (JME) is a genetically determined syndrome classified as an idiopathic generalized epilepsy and showing characteristic seizure precipitation features [1] [2] [3] [4] . The majority of JME seizures occur soon after morning awakening; these are 'epilepsies on awakening' 4 . The seizures are highly sensitive to internal and external conditions, such as menstruation in female patients, sleep deprivation, alcohol intake, and fatigue. It is controversial whether higher mental activity influences JME seizure; a large scale study with adequate EEG activation is needed for statistical confirmation. We recently reported that JME seizures, in contrast to seizures of other epilepsies and epileptic syndromes, are surprisingly susceptible to higher mental activity. This finding was based on studies of neuropsychological EEG activation (NPA) in 480 patients with various epilepsies and epileptic syndromes 5 .
Although JME responds well to antiepileptic treatment, there is a high incidence of relapse after drug withdrawal, implying that JME does not always resolve over time 4, 6, 7 . We investigated the longterm outcome of JME in two JME patients whose seizures were sensitive to higher mental activity and were followed-up for more than 30 years after onset of symptoms.
METHODS

Subjects
In our laboratory, NPA has been conducted during standard EEG recordings for more than 20 years, after obtaining each participant's informed consent. Of 45 patients diagnosed with JME based on the International Classification of Epilepsies and Epileptic Syndromes 2 , we selected two patients who were sensitive to NPA and were followed-up for more than 20 years after the first NPA. These two patients were subjected to NPA approximately once every 5 years during this time.
EEG activation
After standard EEG recordings including sleep activation, hyperventilation, and photic stimulation, subjects sat at a desk and performed the NPA tasks. Tasks consisted of reading, speaking, writing, written arithmetic, mental calculation, and spatial construction as follows 5, 8 : (1) Reading silently: subjects read silently three Japanese sentences that were printed on a sheet of paper and taken from the Japanese version of the Binet test 9 ; (2) Reading aloud: subjects read the same sentences out loud that they had read silently; (3) Speaking: subjects described from memory what they had read silently and aloud; (4) Mental calculation: subjects responded aloud with answers to four arithmetic problems (e.g. 23 + 48 =); (5) Written calculation: subjects responded in writing to one arithmetic problem (15 × 67 × 23 × 48 =); (6) Writing: subjects were asked to write out two Japanese sentences using phonograms (Kana) and three Japanese phrases using ideograms (Kanji); and (7) Spatial construction: subjects were instructed to draw a fish, a human face, and a clock, and they performed the block design test using nine blocks of the Wechsler Adult Intelligence Scale-Revised 10 . To exclude motor activity as the seizure-inducing factor, we used tasks that require no higher mental activity, tasks such as finger tapping, fine finger movement, and drawing meaningless lines. It took 10-20 minutes for each patient to accomplish the routine NPA. A surface electromyogram was monitored often to detect myoclonic seizures. Simultaneous video-EEG monitoring during the tasks was used for later analysis.
Data analysis
Positive NPA effect was confirmed by retrial of the same or a modified task to exclude any contamination of incidental discharges unrelated to activation. The NPA effect was quantified as the number of discharges induced by NPA per recording period (number per minute) for bilateral or generalized spike-andwave complexes, and for generalized bursts (two or more consecutive complexes) of spike-and-wave complexes. Methods for defining NPA effect and examples of EEG discharges have been reported previously in detail 5 .
CASE REPORTS
The details of early-stage JME in these two Japanese patients have been described elsewhere 11, 12 .
Case 1
The patient experienced his first seizure, a generalized tonic-clonic (GTC) convulsion, at the age of 15. No family history of seizure was found, but, at age 4, the patient had suffered from mild head trauma without disturbance of consciousness or sequelae. Very occasional absence seizures followed the first GTC seizure. At the age of 17, myoclonic seizures of the upper extremities frequently occurred a few times per day, and the patient was started on antiepileptics (primidone, phenobarbital, and phenytoin). He noticed that these myoclonic seizures were precipitated by deliberate hand movements upon awakening (e.g. teeth brushing, handling chopsticks), and by writing and calculation in strained situations during school hours. He was depressive at times, when myoclonic seizures increased.
After the age of 27, the patient experienced no further GTC or absence seizures, and the myoclonic seizures decreased to fewer than 2-3 per month. The antiepileptic medications were fixed at the age of 28 (phenytoin 100 mg/day, primidone 200 mg/day, carbamazepine 200 mg/day, diazepam 4 mg/day). Because of his clinical improvement, the patient preferred not to try sodium valproate when it became available in Japan. The seizures precipitated by hand movements in the morning disappeared completely when the patient was approximately 30 years of age. Now, at the age of 51, the patient continues on the same medications, and subtle myoclonic seizures occur only a few times per year, precipitated by writing, written calculation, or drawing under strained circumstances. The patient's social adjustment has been excellent throughout most of his life, except during the period of depression.
Neurological examination and neuroimaging including CT and MRI showed nothing abnormal. The patient's full-scale WAIS-R IQ (10) was 101 (verbal IQ, 99; performance IQ, 102) at the age of 29 and 100 (verbal IQ, 99; performance IQ, 101) at the age of 49. At the age of 17, generalized multiple spike-and-wave complexes were frequently observed on EEG during rest and hyperventilation. Under the influence of drugs, epileptic discharge was not detected in the awake EEG, including hyperventilation Awake (at rest) and photic stimulation, but generalized spike-andwave complexes were seen occasionally in the drowsy state. The systematic NPA was administered to the patient at the age of 29, 35, 42, 46 and 50 under the same drug regimen (Table 1) . Higher mental activities, mainly associated with use of the hands (i.e. written calculation, writing, and spatial construction), almost always induced epileptic discharges, but the number per minute decreased with age ( Table 2 ). The discharges were sometimes accompanied by myoclonic seizures of the upper extremities. Motor activity independent of higher mental activity was always ineffective in inducing epileptic discharges.
Case 2
This patient experienced his first seizures, myoclonic seizures of the upper and lower extremities, at the age of 15. No family history of seizure was found. The patient suffered mild head trauma with very brief disturbance of consciousness at ages 9, 19 and 20 years, but no sequelae were noted. Myoclonic seizures were often induced by deliberate hand movements upon awakening, such that the patient dropped things held in his hands. At the age of 17, the patient experienced several myoclonic seizures upon awakening, lost consciousness, and fell to the floor. This was after an all-night game. He has since been receiving antiepileptic medications (phenobarbital and phenytoin). Absence and GTC seizures occurred only rarely. Myoclonic seizures were precipitated daily by hand movements upon awakening (e.g. teeth brushing, handling chopsticks) and on the job (e.g. drawing, writing, and calculation), by sleep deprivation, and by fatigue. After the age of 26, the patient experienced no GTC or absence seizures, and myoclonic seizures decreased to less than a few per month. The antiepileptic regimen was fixed at the age of 26 (phenytoin 200 mg/day, sodium valproate 600 mg/day, diazepam 6 mg/day). After the age of 30, the precipitating factors for the myoclonic seizures were limited to on-the-job hand movements with none upon awakening. Now, at the age of 47, the patient continues on the same antiepileptic drugs, and subtle myoclonic seizures restricted to the upper extremities occur a few times per month upon drawing or writing. His social adjustment has always been excellent.
Neurological examination and neuroimaging, including CT and MRI, yielded normal results. His full-scale WAIS-R IQ was 107 (verbal IQ, 104; performance IQ, 110) at the age of 26, and 110 (verbal IQ, 108; performance IQ, 112) at the age of 47. At the age of 17, generalized multiple spike-andwave complexes were frequently observed on EEG during rest, hyperventilation, photic stimulation, and sleep. After the age of 22, no epileptic paroxysm was detected in the awake EEG, including hyperventilation or photic stimulation, but generalized spike-and-wave complexes were seen in the drowsy state. The systematic NPA was administered at ages 26, 30, 34, 40 and 47 under same drug regimen (Table 1 ). Higher mental activities mainly associated with use of the hands (i.e. written calculation, writing, and spatial construction) consistently induced epileptic discharges, but the effects decreased with age ( Table 2 ). The discharges were sometimes accompanied by myoclonic seizures of the upper extremities. Motor activity independent of higher mental activity was always ineffective in inducing epileptic discharges.
DISCUSSION
In these two patients, the susceptibility to seizures during performance of higher mental activities observed in a subset of JME patients lasted for at least three decades, whereas the susceptibility to wellknown precipitating factors, such as awakening, sleep deprivation, and fatigue decreased in the late stages of the disease. Findings based on long-term clinical observation and special EEG activation concurred. Since clinical and laboratory findings related to the core pathophysiology of chronic illness generally remain consistent throughout the clinical course, the neural network involved in the higher mental activities associated with use of the hands (i.e. writing, written calculation, and spatial construction) appears essential to the induction of seizures in the two JME patients described here.
Mental activity, excluding emotional stress 6, 13, 14 , has not been studied as a seizure-induction mechanism in JME. One of the reasons is that standard EEG examination usually includes study of only sleep, hyperventilation, photic stimulation, and opening and closing of the eyes, but not systematic cognitive tasks. Reflex epilepsies induced by thinking and spatial tasks 15, 16 and a non-linguistic praxic activity 17 are closely related to JME, and Matsuoka et al. 5 showed that, among epilepsies and epileptic syndromes, JME was most sensitive (46.7% of JME patients) to NPA. These suggest that mental activity as a seizure-precipitating factor has been underestimated. Alternative explanations must be considered, however, since many researchers have extensively examined JME. We must consider ethnic variation, for example, as noted in at least one genetic study of JME 18 , as well as linguistic features specific to Japanese script 19 .
In terms of social adaptation and WAIS-R findings, good social and neuropsychological outcomes are usually seen in cases of JME. Since frequencies of clinical seizure and EEG discharge decreased but did not disappear for many years, symptoms appear not to resolve fully despite a good response to antiepileptic drugs in such JME patients. This finding is in line with those of previous reports suggesting that JME patients require lifetime treatment 4, 6, 7 .
We found NPA to be a useful examination for JME patients sensitive to higher mental activity, and we trust that this preliminary study will inspire long-term follow-up studies with adequate EEG activation to address the issues we have touched upon here.
